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Evidence for CO-heme partitioning into and across 
lipid bilayers was obtained by kinetic and chromato- 
graphic studies. Biphasic time courses were observed 
when CO-heme was rapidly mixed with unilamellar 
lipid vesicles in a stbpped-flow spectrometer. The ini- 
tial rapid phase depended linearly on lipid concentra- 
tion and was assigned to heme partitioning between 
the external solvent phase and the outer lipid layer of 
the membranes. The rate of the second, much slower 
phase was independent of both heme and lipid concen- 
tration. The fraction of absorbance change associated 
with this slower phase increased with increasing heme 
to lipid ratios and reached a maximum of -45%. A 
similar slow phase was observed when membrane- 
bound heme was reacted with apomyoglobin. In the 
presence of excess globin, all of the CO-heme was 
extracted from the membranes to form native CO myo- 
globin. Under these conditions, the fractional amount 
of absorbance change associated with the slow disso- 
ciation phase was -45%, regardless of the heme to lipid 
ratio. These results suggest strongly that the slow 
phases represent transmembrane movement of heme, 
from the outer to the inner lipid layer in the association 
reactions and from the inner to the outer layer in 
dissociation reactions. 

The temperature dependence of the rate of CO-heme 
binding to the outer lipid layer was markedly different 
from that of transmembrane movement. The rate of 
the latter, slower process decreased greatly, with in- 
creasing acyl chain length, whereas the rate of the 
initial binding process varied little with vesicle com- 
position, as long as the membranes were examined 
above their melting temperatures. Finally, the two 
kinetically distinct bound heme fractions could be iso- 
lated directly by column chromatography. 



Although in vitro combination of apomyoglobin and apo- 
hemoglobin with protoheme occurs readily, in vivo formation 
of the holoproteins is complicated by membrane barriers. 
Apoprotein is synthesized on the endoplasmic reticulum, 
whereas the terminal enzyme in the heme biosynthesis path- 
way, ferrochelatase, is located in the inner membrane of 
mitochondria (Granick and Beale, 1978; Taketani and To- 
kunaga, 1982; Daily and Fleming, 1983). The incorporation 
of iron into protoporphyrin IX occurs at an active site which 
faces the mitochondrial matrix (Harbin and Daily, 1985), and 
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newly synthesized heme must pass through at least the inner 
and outer mitochondrial membranes before it can combine 
with apoprotein. Thus, movement of heme into and across 
lipid bilayers plays a crucial role in the formation of extra* 
mitochondrial heme proteins. 

A number of investigators have shown that heme, in one 
form or another, readily associates with lipid bilayers (Tipping 
et ol t 1979; Ginsberg and Demel, 1983; Cannon et ai t 1984; 
Rose et aL, 1985). Most of these studies have used phospha- 
tidylcholine liposomes as model membranes. The aromatic 
portion of heme is thought to intercalate between the acyl- 
chains of neighboring lecithins, and the propionate groups 
appear to be located in the polar region of the bilayer (Cannon 
et al t 1984; Rose et aL, 1985). 

In contrast to the equilibrium-binding experiments, meas- 
urements of the rate of heme transmembrane movement have 
been controversial (Cannon et aL, 1984; Rose et al., 1985). 
Cannon and co-workers (1984) reported two greatly different 
rates (2 and 0.01 s~ l ) for the efflux of hemin from lipid vesicles 
in the presence of apoproteins. These investigators concluded 
that the fast phase represented heme dissociation from the 
outer portion of the bilayer and that the slow phase repre- 
sented transmembrane movement of hemin from the inner to 
the outer portion of the bilayer. They suggested that the slow 
rate of heme transbilayer movement was rate limiting for the 
dissociation of 30-50% of the bound heme molecules. Inter- 
pretation of these heterogenous time courses was complicated 
by the use of hemin which self-aggregates in aqueous solution 
and by evidence for slow iron chelation by endogenous lipid 
bases (Rose et aL, 1985). To avoid these complications, we 
examined the uptake and release of CO-heme, which is rnon- 
omeric in dilute aqueous solutions (Smith, 1959; Light, 1987), 
and our initial kinetic and chromatographic experiments with 
small egg lecithin vesicles suggested that CO-heme dissocia- 
tion from a bilayer was slower than transmembrane move- 
ment (Rose et al, 1985). 

In an attempt to resolve the apparent discrepancy between 
the results of Cannon et aL (1984) and Rose et aL (1985), we 
have carefully looked for slow phases in CO-heme uptake and 
release experiments with unilamellar membrane vesicles. The 
temperature dependence of the rates of the slow phases were 
compared with behavior observed for the transmembrane 
movement of lipid molecules. The gel filtration experiments 
described in Rose et aL (1985) were repeated with liposome 
vesicles of larger diameter (100 nm) prepared using an extru- 
sion technique. In these new experiments, purified synthetic 
phosphatidylcholines were used instead of egg lecithin to 
reduce the possibility of heme binding to endogenous chelat- 
ing ligands. Finally, a general mathematical model was devel- 
oped to describe heme partitioning based on the assumption 
that the rate of transmembrane heme movement is slow 
relative to that for uptake and release by the outer membrane 
layer. 
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Fig. 1. CO-heme uptake by lipsomes. A, sample time courses for the reaction of 1 /iM CO-heme with 300 pM 
egg lecithin liposomes. The association reaction was carried out in 0.05 M NaCl, 0.05 M Tris, pH 8.0, at 30 "C in 
the stopped-flow apparatus at 408 {top trace) and 420 nm {bottom trace). B, the reaction of 1 mm CO-heme with 50 
DMPC/DCP (95:5) liposomes. The time courses were observed at 408 nm (top trace) and 420 nm {bottom 
trace). Note the two time scales. C, the wavelength dependence of the absorbance changes due to the observed fast 
{closed circles) and slow (open circles) phases for CO-heme binding to DMPC/DCP liposomes under the conditions 
in panel B. 



MATERIALS AND METHODS 1 
RESULTS 

CO- Heme Uptake Experiments—Sample time courses are 
shown in Fig. LA for the association of CO-heme with large 
egg lecithin liposomes prepared by the extrusion method (see 
Miniprint). On the time scales examined, only a single phase 
was observed, regardless of conditions, and the fitted rate 
constant exhibited an almost linear dependence on lipid phos- 
phate concentration which was similar to that reported by 
Rose et aL (1985). In contrast, markedly biphasic time courses 
were observed for the uptake of CO-heme by DMPC 2 contain- 
ing liposomes (Fig. 15). Both phases showed absorbance 
difference spectra which were characteristic of CO-heme bind- 
ing to lipid (Figs. 1C and 2S). 

The rate constant for the rapid kinetic phase observed for 
heme binding to DMPC vesicles exhibited a linear dependence 
on lipid phosphate concentration with an apparent bimolec- 
ular rate constant of ~7 X 10 5 M~ l s~ l (Fig. 2A). A pseudo- 
first order rate constant equal to -0.2 s" 1 was observed for 
the slow phase and showed little or no dependence on phos- 
pholipid concentration (Fig. 2A). The fractional extent of the 
slow phase did depend markedly on the amount of lipid 
present, decreasing from -45% at low concentrations of 
DMPC to <5% at high concentrations (Fig. 2B). Similar 
heterogeneous kinetic behavior was observed with 10 different 
liposome preparations containing DMPC, dimyristoyl phos- 
phatidylglycerol, DCP, cis-A*DMPC, dilauroyl phosphatidyl- 
choline, DTPC, and DPDPC. Heterogeneous binding behav- 
ior was difficult to demonstrate in heme uptake experiments 
with longer acyl-chain lecithins on the same time scales. 

The simplest explanations for the second phase seen with 
the DMPC vesicles are that there are two pools of aqueous 
CO-heme that react differently with the membranes or that 
CO-heme partitions into two distinct lipid phases at widely 

1 Portions of this paper (including "Materials and Methods," Figs. 
IS and 2S, and Equations 1S-19S) are presented in miniprint at the 
end of this paper. Miniprint is easily read with the aid of a standard 
magnifying glass. Full size photocopies are included in the microfilm 
edition of the Journal that is available from Waverly Press. 

2 The abbreviations used are: DMPC, dimyristoylphosphatidylcho- 
line; DCP, dicetylphosphate; DTPC, ditridecanoylphosphatidylcho- 
line; c£s«A*DMPC, dimyristoleoyl phosphatidyl choline (9-cis-tetra- 
decanoic acid); DPDPC, dipenUdecanoylphosphatidylcholine. A list 
of the T m values for the lecithins is given in Table I of Light and 
Olson (accompanying article). 



different rates. The first possibility, two free heme compo- 
nents, has been observed in studies of hemin binding to 
apohemoglobin (Gibson and Antonini, 1960). Solutions of 
hemin consist of monomers, dimers, and more complex aggre- 
gates and exhibit heterogeneous kinetic behavior (White, 
1978). However, CO-heme appears to be monomeric at con- 
centrations <10 jiM (Smith, 1959; Light, 1987). If the disso- 
ciation of CO-heme aggregates caused the slow phase in 
uptake experiments, then the ratio of the fast to slow ampli- 
tudes should depend only on the initial free heme concentra- 
tion and not that of the lipid. As shown in Fig. 2B, the 
fractional amount of slow phase decreased markedly with 
increasing lipid phosphate concentration. 

Evidence for two distinct lipid compartments can be in- 
ferred from the data in Fig. 2. A simple model based on two 
independent lipid structures with different affinities for heme 
is unlikely since the rate for the second phase showed little 
dependence on lecithin concentration (Fig. 2A) and appears 
to be a true first order process. Two obvious lipid compart- 
ments are the outer leaflet of lecithin molecules arranged with 
their polar head groups oriented toward the bulk solvent and 
the inner leaflet with polar head groups facing the inner 
aqueous phase. Initially, free heme can only bind to the outer 
side of the bilayer. When the outer portion of the membrane 
is saturated with heme, further binding will occur only after 
net movement of heme from the outer to the inner portion of 
the bilayer. If the rate of this transbilayer movement is faster 
than the initial binding process, then distinction between the 
two sides of the bilayer is unnecessary, only one lipid pool 
needs to be considered, and a monophasic time course would 
be expected. If the rate of heme crossing from one side of the 
membrane to the other is slow as suggested by Cannon et aL 
(1984), then heme binding to the outer bilayer and heme 
"flipping" across the membrane would become distinct phys- 
ical events, and the two processes should exhibit second order 
and first order reaction mechanisms, respectively. The results 
in Figs. 1 and 2 for DMPC vesicles suggest that transmem- 
brane movement is slow and distinct from the initial binding 
process. 

CO-Heme Release Experiments— -If the transmembrane 
movement of heme is slow, then this process should also be 
observed when measuring the dissociation of CO-heme from 
liposomes. As shown in Fig. 3A, biphasic time courses were 
observed when liposomes containing short-chain phosphati- 
dyl cholines and CO-heme were mixed with apomyoglobin. 
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Fig. 2. The phospholipid concen- 
tration dependence of the rates of 
CO-heme uptake by DMPC/DCP 
(95:5) liposomes. The reaction of 2 pM 
CO-heme with DMPC/DCP (95:5) lipo- 
somes at 30 *C was observed at 420 nm 
in the stopped-flow apparatus. A, the 
dependence of the observed pseudo-first 
order rate constants (s~ ! ) for the fast 
(closed circles) and slow (fc^p,.kt.i»u*. x 10\ 
open circles) phases. B, the observed de- 
pendence of the fractional amount of the 
slow absorbance change (open circles) 
and the theoretical dependence based on 
Equation 2 (line, calculated assuming 
KpV t . = Q.03fiM' 1 ). 
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Fig. 3. CO-heme release from liposomes. A, the reaction of 12 nM apomyoglobin with 100 pM cis- A*DMPC/ 
DCP (9:1) liposomes that had been preincubated with 1 nM CO-heme. The dissociation reaction was carried out 
in 0.05 M NaCl, 0.05 M Tris, pH 8.0, at 30 # C in the stopped-flow apparatus. The time courses were observed at 
424 nm (closed circles) and 408 nm (open circles). Note the two time scales. 5, time resolved spectra for the 
dissociation of CO-heme from egg lecithin vesicles. The spectra were measured after the addition of 12 fiM 
apomyoglobin to a cuvette of premixed 2 »M CO-heme and egg lecithin vesicles (100 fiM phosphate). C, reaction 
time course for CO-heme dissociation from egg lecithin vesicles which constructed by plotting the change at 424 
nm as a function of time. The closed circles represent the measured data points and the solid line represents a fit 
to a single exponential expression. 



The two phases exhibited similar wavelength dependences, 
and the rates of the slow phases matched those of the slow 
first order processes measured for the uptake of heme by the 
same set of liposomes (Table I). Rose et ai (1985) have shown 
that the fast phase represents the dissociation of heme from 
the outer lipid layer (t* = 0.05-0.20 s). 

A complete analysis of these results is presented under the 
"Discussion" and in the Miniprint. The rates for the slow 
phases decreased markedly with increasing acyl chain length 
of the lecithins being studied (Table I, see also Fig. 6). These 
results imply that Rose et ai (1985) failed to observe slow 
phases for long acyl chain egg lecithin vesicles, not because 
the rates were too fast, but rather because they were too slow 
to detect easily in stopped-flow, rapid mixing experiments. 
This idea was tested by mixing long-chain, unsaturated leci- 
thin vesicles containing CO-heme with apomyoglobin and 
following heme dissociation for long times in a spectropho- 
tometer (Fig. 3, B and O. Approximately 50% of the CO- 
heme efflux was rapid. The remaining absorbance changes 
had an isosbestic point at 418 nm and negative and positive 
difference peaks at 414 nm and 424 mn, respectively, indicat- 
ing that CO -myoglobin was still being formed, albeit very 



slowly (Fig. 3B). When CO-heme and apomyoglobin were 
mixed prior to the additions of liposomes, or liposomes were 
mixed with apomyoglobin prior to the addition of CO-heme, 
no slow absorbance changes were observed. These controls 
indicated that the extremely slow absorbance changes shown 
in Fig. 3B were due to heme dissociating from the liposomes 
and not from interactions between reconstituted myoglobin 
and the membranes. Reaction time courses were constructed 
by plotting the absorbance change at a single wavelength as 
a function of time (Fig. 3C). The transmembrane rates for 
several long-chain phosphatidyl cholines were determined by 
this method and are listed in Table I. 

The Temperature Dependence of Transmembrane Move- 
ment—The temperature dependence of the rate of the slow 
phase associated with CO-heme uptake by DMPC liposomes 
exhibited non-Arrhenius behavior in the region near the lipid 
phase transition temperature (T m ). A peak centered around 
the T m value (23.8 °C, Miniprint) was observed in a plot of 
log ft** versus 1/T (Fig. 4). When cis-A 9 DMPC, (T m < 0 *C; 
Small, 1986) was used instead of DMPC, simple Arrhenius 
behavior was observed (Fig. 4). The slow rate for all saturated 
DMPC-containing liposomes showed temperature depend- 
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Table I 

Rates of slow phases observed in CO-heme uptake and release 
experiments in 0.05 M NaCl, 0.05 M Tris, pH 8.0 



The abbreviations used are: POPC, l-palmitoyl-^-oleoyl phospha- 
tidylcholine; OSPC, l-oleoyl-2-stearoyl phosphatidylcholine. 



Liposome composition 


Temperature 




k%tow, rtlraar 




*C 






DLPC 


20 


0.36 


0.087 




30 


0.52 


0.19 


DTPC 


30 


0.40 


0.083 


cw-A"DMPC 


OK) 


U.U4U 


u.uoo 


c«-A 9 DMPC/DCP (9:1) 


20 


0.022 


0.018 


cis-A'DMPC/DCP (9:1) 


30 


0.13 


0.048 


DMPC 


34 


0.15 




DMPC/DCP (95.5) 


30 


0.11 




DMPC/DCP (90:10) 


30 


0.11 




DMPC/DCP (85:15) 


30 


0.13 




DPDPC 


30 


0.044 


0.057 


cis-A*DPPC/DCP (9:1) 


30 




0.0055" 


POPC/DCP (9:1) 


30 




0.0025 a 


OSPC/DCP (9:1) 


30 




o.oooss* 


Egg lecithin 


30 




0.00083° 



0 These rates were measured with a spectrophotometer as described 
in the Miniprint and Figs. 36 and c. 
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Fig. 4. The temperature dependence of the rate of the slow 
phase observed for CO-heme uptake by liposomes. The closed 
squares and open circles represent Arrhenius plots of the upum 
values (s" 1 ) for CO-heme uptake by 125 nM DMPC/DCP (95:5) and 
95 fiM cw-A 9 DMPC/DCP (9:1) liposomes, respectively. The solid 
straight line represents a linear fit of the rate data for cw-A 9 DMPC/ 
DCP (9:1) liposomes. The curved line was drawn through the data for 
DMPC/DCP (95:5) vesicles and is not theoretical. 

encea with peaks around 25 *C. The width of the Arrhenius 
peak closely matched that of the gel to liquid crystalline phase 
transition peak of DMPC/DCP (9:1) obtained by differential 
scanning caiorimetry (Fig. 15). Non-Arrhenius behavior, but 
with different peak positions, was also obtained for the rates 
of slow phases measured in CO-heme uptake experiments 
with DTPC and DPDPC liposomes (Light, 1987), which have 
phase transitions at 15 and 34 *C, respectively (Small, 1986). 
Similar temperature dependences were observed for the slow 



phase of heme efflux in the presence of excess apomyoglobin. 

Using NMR spectroscopy, de Kruijff and Van Zoelen (1978) 
observed that the rate of phospholipid transmembrane move- 
ment increased markedly in the temperature region of the gel 
to liquid crystalline transition. An Arrhenius plot of their 
data is very similar to that shown in Fig. 4 for the slow rate 
of heme uptake by DMPC vesicles. Marked rate increases at 
the phase transition temperature have also been observed in 
bilayer permeability studies (Papahadjopoulos et al, 1973), 
and these phenomena were explained by an increase in lateral 
compressibility due to the coexistence of gel and liquid-crys- 
talline lipid. Thus, the anomalous temperature dependence of 
the slow process in CO-heme uptake further supports the idea 
that this kinetic phase represents transmembrane movement 
of porphyrin molecules. 

Apparent activation energies for the slow phase in CO- 
heme uptake experiments were measured in the 15-30 *C 
range for liposomes which did not have T m values in this 
region. The E a values for this transmembrane process varied 
widely depending on lipid composition: 6.0, 22, and 30 kcal/ 
mol for DLPC, cw-A^MPC/DCP, and DPDPC vesicles, re- 
spectively. The increase in E a with increasing acyl-chain 
length correlates with the decrease in the overall rate constant 
for transmembrane movement (Fig. 6). The activation energy 
required for transmembrane migration of DMPC in DMPC 
vesicles at temperatures above 25 °C was measured to be 24.7 
kcal/mol (de Kruijff and Van Zoelen, 1978), which is similar 
to that for heme flipping in liposomes containing C u acyl 
lecithins. Homan and Pownall (1988) measured activation 
energies in the range 25-35 kcal/mol for the transmembrane 
movement of fluorescent-labeled phosphatidylcholines, glyc- 
erols, and ethanolamines in sonicated DMPC vesicles at tem- 
peratures greater than 30 °C. In all cases, the rates for phos- 
pholipid flipping were on the order of 10~ a to 10~ 7 s" 1 , which 
is roughly 1000-fold slower than the rate for transmembrane 
movement of heme (Table I). 

Chromatographic Analysis of Heme Transmembrane Move- 
ment—The experimental observations presented in this paper 
are consistent with the model first suggested by Cannon et al 
(1984) in which heme transmembrane movement is slow. 
They contradict our earlier chromatographic experiments 
(Rose et al, 1985) in which heme bound to egg lecithin was 
mixed with excess apohemoglobin and the products separated 
by Sephadex G-200 chromatography. All of the heme appeared 
to be taken up by the globin before the protein was separated 
from the liposomes. At the time, we concluded that the rate 
of heme movement from the inner to the outer portion of the 
membrane must have been rapid for all of the heme to be 
available to the apoprotein. However, if the measured rates 
for the slow phases seen in Figs. 1-3 are an indication of the 
rate of heme transmembrane movement, then the half-time 
for heme flipping across egg lecithin membranes should be 
approximately 10 min, and it should have been possible to 
separate the liposomes from the apomyoglobin before all the 
heme had time to cross the membrane and form reconstituted 
myoglobin. 

In the experiment shown in Fig. 5, large unilamellar egg 
lecithin liposomes containing bound CO-heme were loaded 
onto a Sephadex G-200 column immediately after mixing with 
apoprotein. The lipid vesicles eluted as a single peak, but the 
heme eluted in two fractions. The first heme peak comigrated 
with the liposomes, and the second peak eluted as newly 
reconstituted CO-myoglobin. Thus, not all of the bound CO- 
heme was available to the apomyoglobin during the time it 
took to separate the liposomes from the protein. At 25 °C, less 
than 30% of the total heme comigrated with the liposomes, 
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tioning into the inner aqueous phase which is encapsulated 
hy the liposome. Mechanistically, this can be described as 



COLUMN FRACTION (ml) 

Fig. 5. Separation of newly reconstituted myoglobin and 
egg lecithin vesicles by Sephadex G-200 chromatography. 

Liposome suspensions containing 10 mM phospholipid in 0.05 M 
NaCl, 0.05 M Tris, pH 8.0, were equilibrated with 125 fiM CO-heme, 
mixed rapidly with a 2-fold excess of apomyoglobin, and then quickly 
loaded onto a Sephadex G-200 column. The eluting buffer and column 
had been equilibrated with CO, and sodium dithionite was present to 
keep the heme reduced during the mixing with the egg lecithin vesicles 
and apomyoglobin. The open diamonds represent the lipid phosphate 
concentration in the fractions for the 25 *C experiment, and the open 
and closed circles represent the measured heme concentrations of the 
experiments at 4 and 25 'C, respectively. 

whereas the rest formed myoglobin. At 4 *C, more than 40% 
of the total heme remained membrane-bound. When the CO- 
heme-liposome-globin mixture was allowed to incubate for 
30-60 min before separation, all of the heme eluted as myo- 
globin. 

Similar experiments were carried out with hemin and ves- 
icles composed of POPC or DTPC (data not shown). All of 
the DTPC-bound hemin, but only a portion of the POPC- 
bound hemin was taken up by apomyoglobin during the course 
of the separation. These results correlate with the rates of the 
slow phases observed for both of these lipids in CO-heme 
uptake reactions (Table I). The-measured rate constant of the 
slow phase seen for DTPC liposomes is 0.083 s" 1 and indicates 
a half-time of only 8.3 s. This is much shorter than the half- 
time of the slow phase for POPC vesicles (-5 min) and the 
time that it takes to separate the liposomes from the protein 
on the column (again, -5 min). 

DISCUSSION 

Four separate experimental observations indicate that 
heme transmembrane movement is a slow, kinetically distinct 
process: 1) similar slow kinetic phases were observed during 
CO-heme uptake and release by lipid bilayers, 2) the rates of 
the slow phases were markedly dependent on the acyl-chain 
length of the phospholipid membrane, 3) the temperature 
dependences of the rates of the slow phases resemble those 
observed for other transmembrane movements, and 4) two 
kinetically distinct, membrane-bound heme fractions can be 
detected directly by column chromatography. Taken together 
these results suggest strongly that three steps are needed to 
describe heme binding to a lipid membrane: heme partitioning 
into the outer layer, transmembrane movement, and parti- 
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Where H° a represents free CO-heme in the outer aqueous layer; 
H° m bound heme in the outer membrane lipid layer; Mi, bound 
heme in the inner membrane lipid layer; and H* C9 free heme in 
the inner aqueous layer. k x and k- x represent the first order 
rate constants for partitioning into and out of the membrane 
layers, and and k- 7 , the rate constants for transmembrane 
movements. Derivations of the rate and equilibrium equations 
for heme uptake, release, and the corresponding, slow trans- 
membrane phases are presented in the Miniprint. 

Interpretation of Heme Uptake and Release Kinetics— For 
liposomes with a radius of 50 nm and a bilayer thickness of 
4.5 nm, the fractional amount of absorbance change for slow 
transmembrane movement in CO-heme uptake reactions is 
given by: 



0.45 



/•low, uptakt 



1 + K P V L C L (0.55) 



(2) 



where 0.45 and 0.55 are the fractional volumes of lipid present 
in the inner and outer membrane layers, respectively; K p is 
the heme partition constant for going from an aqueous to a 
lipid phase (kjk-i in Equation 1); and V L C L is the total 
volume fraction of lipid in the aqueous suspensions (see 
Miniprint, Equations 5S-11S). At low lipid to heme ratios 
(i.e. C L 0), Aiow. uptake should approach 0.45 since the outer 
layer quickly becomes saturated with heme and further net 
binding cannot occur until equilibration with the inner lipid 
phase. At high lipid concentrations, f&m t up uOc« approaches 0 
since the volume of outer lipid phase is sufficient to bind all 
the available heme, and as a result, no net absorbance changes 
are associated with transmembrane movement. This depend- 
ence is observed experimentally as shown in Fig. 2B where 
the solid line represents a fit to Equation 2. 

The rate of the slow, transmembrane phase obtained in 
heme uptake experiments with large liposomes (R 0 = 50 nm) 
is both observed and predicted to show little dependence on 
lipid phosphate concentration (Fig. 2A and Equations 13S 
and 14S, Miniprint). 



fellow, uptake = 



kJ< p V L C L (0.45) 
1 + K P V L C L (0.55) 



(3) 



Since for large liposomes the rate of flipping is expected to be 
independent of direction in the absence of a membrane poten- 
tial, should equal k- 2 , and the maximum change in rate is 
expected to be less than 2-fold (k 2 at C L - 0 and 1.82* 2 at C L 

In release experiments, apomyoglobin is mixed with lipo- 
somes preincubated with CO-heme. Under these conditions, 
the heme is initially distributed between the outer and inner 
lipid layers according to their relative volumes. In the presence 
of excess globin, the fraction of slow absorbance change 
associate^ with transmembrane movement is both observed 
and expected to be ~0.45, regardless of the heme to lipid ratio 
(Fig. 3, and Miniprint). In release experiments at high giobin 
concentrations, the observed rate of transmembrane move- 
ment is equal to k~ 2 alone because as soon as the heme group 
flips to the outer layer it is incorporated irreversibly into 
myoglobin (Equation 17S, Miniprint). Thus, the rates of the 
slow, transmembrane phase observed in heme release experi- 
ments with apomyoglobin should be less than those observed 
in the corresponding heme uptake reactions where the rate of 
equilibration across the membrane is being measured. The 
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Fig. 6. Rate constants for the slow phases as a function of 
acyl-chain length at 30 °C. The first order rate constants (s" 1 ) for 
the slow phases were measured in either uptake (solid circles) or 
release {open circles) experiments as indicated in Tahle I. The curve 
was drawn through the points using an exponential function but is 
not theoretical. 

results in Table I and Fig. 6 confirm this prediction, although 
the uncertainties in the rate constants preclude a quantitative 
analysis. 

Previous Observations—The results and analyses presented 
in Figs. 1-6 support strongly, if not unequivocally, Cannon et 
aL's (1984) conclusions that transmembrane movement of 
heme is slow. In our earlier work, we were incorrect in assum- 
ing that this process was too rapid to measure (Rose et ai t 
1985). There were three problems with our previous experi- 
ments. First, the egg lecithin liposomes were prepared by the 
ethanol injection method of Batzri and Korn (1973) and had 
an average size of 20 nm in diameter. As a result, the fractional 
lipid volume of the inner layer of these much smaller vesicles 
was only 0.23 + where R Q = 10 nm and ft = 5.5 

nm). Thus, even in release experiments where the CO-heme 
was pre-equilibrated with the vesicles, only 23% of the total 
absorbance change could be associated with flipping. This 
accessible inner volume was probably further reduced by tight 
packing of the polar head groups due to the large radius of 
curvature for the inner layer of small vesicles (Cornell et al t 
1980). Wimley and Thompson (1990) have shown that this 
curvature effect markedly slows the rate of transmembrane 
movement of DMPC in small sonicated liposomes. Second, 
as shown in Table I, the rate of transmembrane movement is 
very slow for egg lecithin vesicles (f* a 10 min), and we did 
not look for phases on such long time scales. Third, although 
the rate of flipping is slow relative to that of most reactions 
examined by rapid mixing techniques, this process does occur 
quickly enough to interfere with separations carried out chro- 
matographically (t» a* 5-20 min). In our latest work, greater 
care was taken to ensure that the time interval between 
mixing apomyoglobin with heme-containing vesicles and ap- 
plication to the gel filtration column was as small as possible 
(<30 s), and that short, rapidly flowing columns were used. 

Dependence on Acyl Chain Length and Physiological Signif- 
icance—The rate of transmembrane CO-heme movement at 
30 °C depends markedly on the acyl chain length of the leci- 



thin molecules; the longer the chain length, the slower the 
rate of flipping measured in either association of dissociation 
reactions (Fig. 6). This result implies that the observed rate 
depends inversely on the distance traversed by the charged 
propionates and agrees with the idea that the major barrier 
for phospholipid flipping is movement of the polar head 
groups through the apolar region of the bilayer (Homan and 
Pownall, 1988; Wimley and Thompson, 1990). 

The unusual increase in the rate of heme flipping observed 
at the phase transition temperature (Fig. 5) indicates that the 
state of the liposome plays a significant role in transmem- 
brane movement. At the T m , the lipid population is equally 
divided between states with sufficient energy to be liquid and 
those cold enough to be gel-like. Continuous packing is main- 
tained in liquid-crystal phases because the neighboring acyl 
chains fill gaps created by thermal fluctuations. In the gel 
phase, packing is even closer because of reduced motion. 
However, at the interface of the two phases, gaps may be 
caused by thermal motion of liquid acyl chains that are not 
compensated for by neighboring gel state molecules. Thus, 
although the net fluidity of the liposome decreases as the 
temperature is lowered through the T m region, large discon- 
tinuities occur at the interfaces of the gel and liquid phases. 
The number of these gaps is maximal at the T m which ac- 
counts for the large increase in the rates of transmembrane 
movement of heme (Fig. 5), protons (Papahadjopoulos et al, 
1973), and lipid molecules at this temperature (De Kruijff and 
Van Zoelen, 1978). 

The transmembrane movement of CO-heme in liposomes 
containing long, unsaturated acyl-chains is very slow (k 2 « 
0.001 s" 1 ; last two rows, Table I). If this value is an indication 
of the in vivo flipping rate, then the time required for heme 
to travel from the inner matrix of the mitochondria through 
the inner and outer mitochondrial membranes could limit the 
cytoplasmic rate of heme protein formation. However, the 
rate constants measured in these model membrane systems 
may be lower than those in vivo. First, the results of Cannon 
et a/. (1984) suggest that the rate of transmembrane move- 
ment of hemin may be 4-10-fold greater than that of CO- 
heme under comparable conditions; and second, rate enhance- 
ment, similar to that observed in vitro at temperatures near 
the phase transition temperature, might be caused by proteins 
or other factors that create discontinuities in the apolar 
regions of the membranes. In addition, the half-time of 10 
min measured for heme flipping in egg lecithin liposomes at 
30 *C may not be all that large with respect to the times 
required for protein synthesis since the estimated time for 
complete formation of a hemoglobin a-chain in reticulocytes 
is « 3 min at 37 'C (Lehninger, 1975). Finally, the slow rate 
of heme flipping could be advantageous. If there were no 
kinetic barriers to movement through membranes, heme 
would rapidly disperse within cells and be lost to the surround- 
ings with possible toxic consequences to neighboring tissue. 
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I. MATERIAL AND METHODS 
A. Liposome Preparation and CbaracterUatJon: 

Tht txtruiia* muhod - Dicctyl phosphate and cholesterol were purchased from Sigma. All other 
l.jodt were purchased from Avami PolarLipkls. Inc. The purity of these expounds was checked by TLC on 
>ilica gel plates. Ihe phospholipid content of the unilamellar vesicles wa* assayed by the method of Chen rt 
ill N956i. . ... 

A scries or liposomes of defined sire hut varying cunposiuon were prepared by rapid extrusion (Hope 
.1 o/.. IWC5: Mayer rt at.. I'm). The lipid ajmpunervts were wished and mixed in a minimum amount of 
ihl.*ol.Wmcihanol 2:1 in a nwnd bottom flask. A Buchler rwrjevapufatof was uied lo remove the 
chl.w.t'nrnv'nvtnanol at Jd'C and lo deposit the lipid mixture as a thin white film along the sides of the flask, 
large multilamellar vesicle* were prepared by add*"* tris buffer (0.03 M NaCL 0 03 M Tris. pH K.0) to the 
drv lipid and voncxtng. A typical tout lipid concentration was 23 fflM. The aqueous lipid dispersion was 
then riVL-cd through polycarbonate filters (Nuelcopore Corp ) using the Extruder"' (Lipex Biomcmbrane*. 
Inc.). M» ml of sample w« pin into the central cavity of the apparatus through a uuKk-iclcasc valve and 
then pa* pressure was applied. The only crit fur the sample wi jnrough the polyctroooate fillers located at 
the Nxanin «f the chamher. Pressures of up to ROD lb/in* were employed and required two Hacked filter* to 
prevent waring. The cycle was repeated Tor a total of at If a« K passe* to insure uniformity of the sample 
i ww laghi. 19*7). . , <wwi 

Multilamellar vesicles were Mill present ia ihe elTlueiK from niters with pore waes lar|er than 200 run 
iMayer rt dL 19XA>. A final pore sire of Ml nm w;»s routinely used to insure that only unilamellar 
lip.^>rors si ere present. To prevent the filler* from clogging, especially in mixtures containing chotecienit. 
t-sirusion was staned at a large pore site, generally 300 nm. and then decreased by changing the filters. All 
msnipubiumx, including the original dispersion step, were carried out ai a temperature greater than the 
phjM." transition temperature nf the lipid mixture by immersing the Extruder™ in a water bath. 

Ettctrtin microuopj • The structure and lite range of the vesicles were examined by freeze- 
fracture and cryotransnmsion elevtron mk-rosi-opy with the assistance of Dr. Ron Price ai the Naval 
Kescjrch UMratory. Bclhesda. MD. The elecirofl micrographs were taken on a transmission electron mi- 
enwopv ta Carl Zeiss EM 10-CA with a Cr>»Siafe). For frecre fracture, the samples were transferred to 
Half*-* cupper specutten plates (f lad mm. Kill. Wotted to remove excess (hud. equilibrated at room 
u-ntncratiuv. and then qutcMy {mien by plunging into a nitrogen crysulliicr. Afrerf reeling, the samples 
ucrc placvd in a BAF 4«ll) freeze fracture device, fruiiured. and replicated at •l«>"C and 10-6 Ton. The 
replicas »^-re hvttxd w ith 2 nm Pt-C and 20 nm uf carbon film, floated off into distilled water, exposed to 
milium hyoivhlorite Uv 3 huurs. rutwd in distill^ water, cleaned with 20* ethanol for an hour, and then 
trausiVrrcJ «> Hun ax 11- VX ..-fturd grids fitr esamircdKui. 

Crssi-TKM was performed by putting a minimal amount oi* sample directly on ■ Burvar B-98 coated 
jirnl. hlntting tuf the rues* fluid, and then rapidly freeing the specimen by plunging the grid into a nitrogen 
>lurr> . The sample was then transferred to a CryoStagv in liquid nitrogeit and plxed in the electron 
iiiK-ntscmv. taking care out to atluw ihe sample lempcraiutv m rise above the oVviuificat»n temperature 
{ 14(1 K t The observation temPiTaiure wa< typically below 1 15'K und losv electron doses were used to 
prvik-rt* the speciinen'* siructure. Inc prev: 1 w^e of vitreoiw instead of hexagonal ice was checked by 
destrtsa ilitTractino. The pre>en« of any internal uruetures in the liposomes was probed Ux by altering the 
t.s'ns ihnnjgh the liposome. ^ 

No evincive was found for uurriuil liooscwal strutiures tn DMPC. DMPODCT (9:1). or DMPC/Owl 
ih--H ve»icU.-s when the focus nf the electron microscope was moved through liposomes that had been rapidly 
fro/en with a nitrogen slurry. If multilamellar structures had been present they would has* been seen as 
nilayvrs within bilayers. DMPCCkol vesicles did have a tendency to aggregate, *here» the 
l)MI171>CT 19: l> liposomes were almost never seen touching. The addition of hemin to DMPC vesicles ai 
h. t h heme i» phosphate ratios f l:2> appeared to proowe the formation of smaller structures as svcD as to 
promote apgregalson. 



DMPC vesicles wtre also examined by freere frscture technu|ues. bwh in the sbsence and presence 
of htw leveU of hernia. The vesiclei appeared to be relatively Iwnogeocous with an average diameter of 100 
nm. Again, there was no evidence of internal structures, the fractures were clear depressions oe bulges 
without any signs of a secondary fracture. The DMPC vesicles were subjected to a freexe etching procedure 
ilesigncd to highlight any features thai might be particularly deep, but again, the vesicles appeared to be sim- 
ple unilamellar spheres, with a diameter t>r 100 nm when prepared by cstrusion with filters containing 100 nm 
pores <scc Light. I9K71. 

Di/ftrtmtiot ie«Mi«iJ(f calorimrtry - One possible consequence of heme binding to membrane* is 
an alteration in the lipid hilayer structure. This possibility was tested by examining the gel to liquid 
crystalline phase ttansitaxs of DMPC liprtauneATO hemc mixtures using a Microcal MC-2 differential 
wanning calorimeter that was interfaced w an IBM PC with a DA-2 Jala aqutsjtinn and analysis system 
iMkrovalL Ine scan rate was WC per hour with i 13 second filter constant. Concentrated liposome 
suspenskws 13-20 mM phosphate) were used. The data were analyxed in tcrnts of phosphate content, peak 
height, location, width, and area. The* measurements were made with in* help of Dr. Martha Mim« « the 
Bay W College of Medicine. Ck:pannu-ni of Medicine. Houston. Texas. 

Toe mam transition temperature for DMPC liposomes prepared by the extrusion method wai 2.V«"C 
tl igure IS). Our measured T n , agrees well with literature values of 2J.9. 25.6. and 23.KT (Mabrey and 
Stuncvant. 1976; Chen rt at., 19IUI. Huang rt aL I9)t3. respectively). It should be pointed out that these 
values ore significantly higher than those obtained for DMPC liposomes nude by sonicaiiofl (I H°C. Melchoir 
and Strim. 1976). The phase traniiiion of small unilamellar vesicle* is ST lower than that of their larger 
counterparts and the transition itself occurs over a broader temperature range. These differences bctsscen 
wwu-aied and extruded vesicles of the same lipid nimpissitioo reflect a difference HI chain packing induced by 
the coftoitleraMe degree Kit curv aiure in the mtK-h snnlk-r siuticated partkies (Mabrey and Stutevaat. I97X; 
Cornell el uf„ 19W>: Brouileticr rf uf . I9l0). The entlulpy change measured tar our large DMPC vesk-les. 
3.7 kcalmiol.atso agree* with literature values nf 5.«. 626, and 5.4 kcaVmol for DPMC liposomes (Mabrey 
and Stutesam. 1976: Mason and Huang. 19X1: Huang n at. 19X2, respectively). 

The measured T <n fix DMPC/DCP |9O:l0i liposome* was 26J'C (Fig. IS). Only one peak was 
observed, indkating that the lipids are miwiblc. and the enthalpy changes for the two liposome preparations 
I|iMI"C and DMPC/DCP CXhlO)) were <sit«ilar. 3.7 kcal/mtsk vv 67 kcal/mole. respectively. These results 
»uggvM that the peak shift comes from the cixipcrativc interactions between the t»o lipids and m» from t»t» 
separate lipid pnols. I w a simitar amount of heme (10? ) in DMPC lipmomev the T„ was only slightly 
alfected (23..t 4 C. l-ig. IS), and there was little change in AI I (5.6 kcaVrr»l). The* data provide direct 
evidence that the lipid Wlaycr structure is mu radically altered by low levels nf heme binding. 

II. kinetic Measurements: 

Stopped flow, rapid mixing experiments were carried out in a Cibson-Durrum apparatus imerfaced to 
rowrwimtpuTer using OL1S. Inc. software and hardware (see Rose rt el . 1985k The various types of CO- 
heme ahsorlunce changes that were followed arc shown in Fig. 2S. An IBM 94.HI spectrophotometa with 
automated data collection routines was used when following e«lremely slow reactions d la 2 10 min.l. 
AhMirhancei at iweniy diurete wavelength* were collected simultaneously at various time imervalt and 
(ken plotted as time resolved spectra. In this manner, cither changes at a particular wavelength could bt 
monitored to Obtain rati con! tarns, or the whole spectrum could be examined qualitatively. The efflux of 
heme from liposomes into the aqueous surroundings was measured directly by following the incorporation of 
CO henw uvtoaporayoglobin (Cannon rt *d.. 1M 4; Rose « of . 1915). 

la all of the kinetic experiment*, the reactant tohnions were purged with I itm of CO to remove Oj. 
and then small amounts of sodium dithionite (0,1 to 1.0 mM) were added to the heme, liposome and 
aporoyoglobin solutions to ensure complete anurobiosis. The- solutions were kept to stoppered 5-20 ml 
syringes se^ed cuvettes, or tonometers, and add u ions of reagents were made with gas tight Hamilton 
syringes Under these condition, no oxidation or degradation of heme -rax detected, as monitored by heme 
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ahsorbance in the Soret wavelength region. The expected total absorbancc changes, wavelength taefcptn- 
den. time courses, and tjosbcttk poihts were observed, even for very stow CO- he me efflux reactions (Figs. 
I and 3. Main Text). A complete description of fte* procedure! snd potential problems da* to heme 
oxidation In liposome suspension* ha i been presented by Light (IM7) and How a of., (1985). 

to k.netic experiments, slow, wavelength independe&i changci were Observed when high lipid 
concentrations were mixed with CO- heme. Solution i premUed with heme and then mixed with buffer 
exhibited similar behavior. A number of repons indicate thai liposome! cm fine together to form larger 
vesicle* (Schullery tt ai. 1980: Gibson and Strauss. 19*4; tad Morris tt «1 H 1983). Exposure to low temper- 
atures promote i aggregation of vesicles with a high phase traniitioo temperature. DLPC, DMPC, and 
DPDPC vesicles precipitated out of turpenrion if led overnight in the refrigerator, whereas dt d? DMPC 
vesicles were stable under similar conditions, presumably because of their much lower phase transit** 



To reduce these ccmplicationj, experiments were earned out si reduced liposome and heme 
aerations. However, the lipid phosphate concentration had to be high enough for significant heme 
binding. A further precaution was the addition of DCP or DMPO to many of the lipid mixtures. Electro 
repulsion between negatively charged liposomes was sufficient to keep DMPODCP (9:1) vesicles from 
Here suing overnight at 4*C. tvea though the T a of these vesicles is I3<26*C. 

l\ Column Chromatography: 

Molecubr sieve chromau^raphy was used to separate liposomes from myoglobin in heme release 
experiments. This allowed a dctefmnation of the fraction of the lipid .bound heme that wasavailabte for rapid 
uptake by the apomyoglobiA. Separuioos were carried out with a 2 a 20 cm Sephadex O-200 cotemn u both 
a and 25*C and under anaerobic conditions uting COeQttilibrated buffer containing sodium dMiocrite. Esery 
effort was made to minimiie the time between mixing apoprotein with (he heme contaioing liposomes, 
loading the mixture on the column, and separating the protein from the lipid material- Fractions were 
collected at a rate of 30 ml/hr and the abtorbance of the effluent at 210 nm was n*»i tared continuously. Lipid 
content of the effluent was analyzed by phosphate assay. 

The column was monitored visually, and spectra of samples that appeared to contain the heme were 
measured between 350 and 450 nm. The pretence of CO heme wat obvious by in red color (or green for 
hemin) which was quite different from the milky white appearance of lipoaomes. The concentrations of free 
CO he me and hemin were cetemiined from the absorbance* at 407 nro and 390. respectively. The liposome 
absortunce contribution was estimated from the wavelength dependence of the lijht scattering observed for 
targe vesicles alone (Light. 1917). The heme content of the myoglobin fractions were calculated using 
extinction coefficients of 157 cm' 'mM** at 409 run and M7 cor 'mM** at 42) nro for roemayottobto and CO 
myoglobin, respectively < Amount and Bnxwri, 19711. 

In COhcmc efflux experiment*, there was no loss of heme pigment as long as the initial incubatioa 
mixture was kept oxygen free and the column was corrxpletely seated and pre-eowlibrated with anaerobic 
buffer containing CO and sodium AOuonite (0.1 to U0 mM). CO-heme is relatively stable id lipoaomes and is 
well protected from degradation in myoglobin. The fractions containing liposome* an dCOhcm c were Mostly 
allowed to oxidise completely to hemin after during from the column to prevent measurements of multiple 
heme tpecies. The myoglobin fractions were measured as the reduced CO form. No ntsidval heme pigments 
remained on the columns which were completely clear after elution of myoglobin. 



II. ANALYSIS OF HEME UPTAKE* RELEASE. AND TRANSMEMBRANE MOVEMENT 

In our previous work, we developed a general model for heme panitioning between buffer end the lipid 
matrix of membrane vesicles (Rose a ai. 1913). The cqvilibriuro between aqueous and raemtoa/K-bxwod 
heme was described by a partition constant. K f : 



X,-HJH 4 



(IS) 



where H m and //, axe the heme concenuatwns in the rnembrane and aqueous phases, respectively. The 
fractional amount of heme bound in the lipid phase is obtained by cowiderauoo of the volume fractions of the 
two phases sod the total solution concentration of heme. Hp 



H,*H m V L Ci*H 9 tl-Vtfii* 



(25) 
(35) 



where H m and Hj are the total solution concentrations of Upid-bjOund and free aqueous heme, respectively. 
V L and C L are me partial molar volume of phosphatidyl choline or lipid, if a mutare. and its concentration m 
moles per liter. V L C L and I V L C L are the volume frxtions of the lipid and aqueous phases, reapecuvciy. 
The fractional amount of lipid- bound heme is defined experimentally by Y • HpKHk ♦ Hfl, which in terms of 
Equations 2S and 3S U: 



H-V/.Ct*(IV t C t )r7. W'-Vl 

la our original analysis, no extinction was made between the inner and outer lipid phases, even for 
descriptions of the time courses of CO-heme uptake and release. However, the results presented in the 
Main Text suggest that this was an rrvmimpiificaiioo and that binding to the outer and inner lipid layers 
must be distinguished Hectically. Thus, three steps are Involved In heme dissociation and association 
reactions with liposomes; 



Hi 



hi 



Hi: 



k.2 " *i 

The superscripts represent the outer, o. and inner, *. layers of the membrane; ej. t/ represent t 
nana Tor partitioning between the aqueous, a. and rnnrxbrane. m, phases; and the rate 

transmembrane flipping. The volume fraction of the four phases in Eolation 3S are defined by 
concentration of lipid in the suspension. C L . the partial molar volume of the lipid. Vg; and the on 



radii of the vesicle. R 4 and ft, 

• una 

*/• VJ. vi.a*dV, are it* volume fractiow of the outer aqueous, outer rrxembrane, irwc 
inner aqueous phases, respectively. The fractional amount* of lipid la the outer end loner layers were defined 
by their relative surface areas issumlna a spherical geometry. V u was defined as the ratio of the Internal 
aqueous volume of spherical liposomes to thai of the nxembraiu, .rxxUiplW by tf« 
lipid. V» was then defined as /■ V* 

Equation SS can be simplified luxe, even foe Large liposomes, (dkt«eier - 100 nw). the Inters*! 
volume is small, and Utile or no heme will ever be present in the toner aqueous phase. This can be shown by 
considering the rabo of the total solution concentration of heme bound in me inner lipid layer to that in the 
inner aqueous layer xi eqtulibrium. //^ which b given by Kp V^/V, The ffirtion of total inaernal heme 
bound in the Inner leaflet of the membrane is given by: 



: K,VJV. 

• i ♦ K»vi/vi 



(75) 



tn most ol our experimenrs, rhe vesicte (ttameter is approxknitely 100 nm and tJw thrtkness of ihc 
memOraae is roughly 4. J nm <i> . • 50 am and Hi - 44.3 nm). For these hposwea. V*,IV\ Is a 148 
(Equation 6S) to that even for a lipid mixture which binds heme weakly with Kp • 1000 (see Light and 
Olson, 1990). 99* of the heme on the inside of the vesicle will be bound to the inna membrane- monolayer 
xfld only I* will be In the intenul aqueous phase. Most of the vesicles smdicd exhibtf K p value* around 
105. and for these samples, heme would nc~r h< four* In tb, inner xoueous phase- Thus, Equation 55 can 



«;^=± Hi tr m 



Hii 



Since there is no evidence to ittggcu that parti twoing into the inner layer is different from that two tbe outer 
layer for targe vesicles. Kip is assumed to be 1 .0. 

A notation ktmtdet • The results to Table I and Figs. I -6 of the Main Text indicate that si, Lj 
« ki or k.t. Thus, the Initial kinetic phase in CO-heme uptake experiment* can be analyzed by cxmstoraing 
Just the outer lipid layer. At the end of the initial association phase, the fractional amount of CO-heme bound, 
y/ofl. Is given by: 



<9J) 



for vesicles with A% * 50 am and Rt * 45 J xm. Vg, - VtCdOJSi xutf V° • /-V/A/'-MJ (Equition 6SL 
For rhe lipids used in this study. V L i 1.0 Irrnoi, Cl * 10- J M, and thus VJ- 1.0 under an coisditsbas, Asa 
result. Equation 9S reduces to T/oji - K,ViCti0MW +K p V L Ci (OSS}). At the cod of the slow phase 
when the system has achieved true equilibrium, the final fractional amount of heme bound, r* ts given by 
n 4S. The amplUude of the stow phase It given by Y,-Y/u,: 



y r, k ' V l Cl _ K ' Vi 
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e is given by: 
(IIS) 



at of the clow phase, r*^*v to the overall time c 

y. . P»- Yr*, 0 43 

y Y "~ Y t TTJtffjfcMS) 

Thus, the relative magnitude of this phase is both expected and observed to decrease to aero as the lipid 
phosphate concentration. Cu is tocreased (Figure 2B, Mate Textl 

The rate of heme Uncling to the outer phospholipid Ixyer can be defined as: 

Convening H% and to the corresponding total suspension conc*«rarions, «t and Hf , and noting thai at 
short times H t * ♦ Hf. the mass balanced differential equation becomes: 

When the rate of rawsroembrane movement is slow compared to that of uptake am) release this la a sin** 
linear, first order differential equation and predicts that heme binding win cxaibii an exponential rime course 
with an observed rate equal us: 

'/tor. x**xaU " *< V <£l < 0S5 > * *•» 1 1 *S) 

for vesicles with an outer rsdtos of 50 nm. a bibyer thicfcnctt of 4.5 nm. and when V+~lJD. 
The much slower rate of transmembrane movement can be defined as: 

4&*kiHlk.iHL 

Convening to suspension concentrations using the volume fractions denned to Equation 63. this becomes: 

it vt (135) 

H% and Hf are to equilibrium since 1/ and *./ » h *nd a.y. and the total CO heme concentration is given 
by: 

«, *HJ +Hf+ Hi 
ear H,*Hf(l + K,VyVft+Hl 

Subslitodrtg Hi » OCpVyvyHf. and Hf m (H, ■ H^IO * K,V&*1\ into equation 13S yields: 

m.-MWt f^=W ,J>/g 

Thus, heme flipping observed to association experiments win exhibit simple exponential behavior with an 
observed rate equal tec 

W«VViCg(0i33) 4 
wtsenJ^-JOnwandV**!. i^drmenraent* 

be small since tbe ratea of traeumarmbrane flipping should bs roughly Indcpendew of tSmction (J r.. Ku " 
andfa-4-a). AtC t - 0. ihu value of 4^ will equal xi C/_ -\ r^. wiM exjuai 1.12a.,. 
Thas only an eW tacrr^ to t>* stow rase wo^ 
cotKcorration in heme uptaU experiments, 

Dttsedttto* kbutUt - A slow phase is also observed to heme Association time courses to which 
lipcaomcs cxmuining bound heme are mixed with apomyoglobia (Fig. 3). b (bete cxperimena, the ininal 
raw) Phase (2-50 s ') represeata the release of heme from the outer poroon of the lipid bilayer (Carrnon et 
flfl9W^Roaxjetefri9«). Tbe second phase is roucfa slower and exhibits t rate similar to that ob- 
sc^oV to do^ ph«n to COh^ tmuke eTperiments (Ftgs. 1-3 and Table L M«a Je^ tstmof 
S^M.ddaaiowl^ 

monolayer and U limited by the ram of tiamsmerohrane flrppmgOLi). This process can be represented by: 
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The rate conuants are the same u those to the previous section; I** is the birrmlecular reaction raw tot 
IsaMbtodirigmaitOrtt^ •« spomyoilobin and myottobio ewKentrxtioot in the 

ou to aqueous phase; and the reactaon of CObcme with the globin is effectively irreversible (Rose a at . 

19l5> " if me rate of heme transrrkembnne movemtni Is stow then the fast phase rcpreserts only the efflux 
heme toWaUy bound in the outer bilayer and Us subsequent rapid reaction with apomyoglobin (i.e.. heme 
flipnma can be neglcctetO. At high concentnttons of proteia. link or eo free heme wtU be present in the 
a phase »«d df/f/dr will exjuxl Tbe rate of myoitobin formation in tha rnirial fast phase will be 



dt k t v.\ + kutPt* 



when R, - SO u* and V* - 1 A When k^Ck* » <|ViC(.(0JS). this exrmjsston reduces to */kn. uln* ■ 
lut (see Rose tt of.. 1985). The fractional amount of fast phase to release experiments is determined solely 
by Vl/f V* w VL (053 for*, - SO nm) and is independent of H/Ci- 

The stow phase observed when apomyoglobin U mixed with heme coooining ltoo*nmes asmean » 
represent myoglobin fornarton from CO-heme present Initially to rhe Inner monolayer and Is limited by the 
rare of transmembrane flipping. Since the rates ft./, ti. k^fib* » kj. ft.}, steady-sum assumptions can be 
tpads ror both /VJ and W?. FoUowing the similxr Una of reasonini presented for the derivation of the slow 
phase seen In the heme uiociatton experiments (Equxrions 131 4S). and using the suady-suta 
ustunpxions. the rate of heme resovement from the inner layer of the outer layer to dissociation experiments is 
detsmttaed by: 



Heme Transmembrane Movement 
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where the observed rae cotuont will be 



At high f lobia conccwrxtioni, this exprcuioa reduces 10 hlow ■ ±.j/f/ *** *-J » *^e». 
«Jmm becomes simply die tut constant for «nimembiw iweowu of CO-heme ftom the inner to the 
outer portion of the lipid bUaycr. Cannon a al., (1984) derived • similar expression for for ihii type of 
experiment using • theory with dixnte heme binding sites in the lipid membrane. Prom these iheorctkil 
considerations, the rate of the slow phase observed during the diuoclitlon urp is expected to be leu ilut 
mcsturcd for the slow phaic during ihe association ruction at high lipid concentrations (Table I. Main Teat). 
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Fig. Zt The spectral enarntferistlce of CO. heme Id aqueous buffer, egg lecithin vesicles, 
or as COMb, A, Spectra for 2 itM hesx in the presence of buffer only (CO- Heme), 100 uM cgj lecithin 
(CO-HemtArpid). cod 3 uM tpornyoglobia (COMbX b 0.D5M NaCt. 0.Q5M Tris. pH S O, 23*C B, 
difference spectra for free CO-heme binding to egg lecithin vesicles, free CO- heme binding » apoeryoflobin. 
or the incorporation of mcamremv bound CO- demo into apornyoglobuL The delta absorbance values were 
defined «* the absorbtnee at aero time minus that at inflate rime to correspond with the aA, valoes obtained 
in stoppcd^flow rapid mixing experiments (Fits. 1 and 3. Main Text). Thus, when CO-hemt Is mixed with 
Bpomycglobin. the absorbancc tl 420 ran is much greater after the reaction is compteic than the iaitial value, 
and thus, the total aA ii a large negative value. 
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TEMPERATURE *C 

Pi* The brat capacity aa a function of temperature for tererat DMPC liposome 
sitktas. The phase transition temperatures of the DPMC liposomes were measured by AffcreotiaJ 
calorimctry. The points represent the measured values ton DMPC (cloud droits* DMPC/DCmi) 
tlrdtfc and DMPOHcjxuo(9:1) liposomes (open trkut$les\ 



